Equine arteritis virus (EAV) is the prototype member of the family Arteriviridae in the order Nidovirales (12). The EAV genome is a single-stranded, positive-sense RNA molecule of 12.7 kb that includes 5Ј and 3Ј untranslated regions (UTRs) and nine functional open reading frames (ORFs) (60, 61). The first two ORFs (1a and 1b) are located in the 5Ј-terminal three-quarters of the genome and encode two replicase polyproteins (pp1a and pp1ab) that are posttranslationally processed by three ORF 1a-encoded proteinases (nsp1, nsp2, and nsp4) into at least 13 nonstructural proteins (nsp1 to nsp12, including nsp7␣ and nsp7␤) required for viral replication and transcription (63, 67, 72) . The other seven ORFs (2a, 2b, and 3 to 7) are located in the 3Ј one-quarter of the genome and encode structural proteins E, GP2, GP3, GP4, GP5, M, and N, respectively (24, 61).
Equine arteritis virus (EAV) is the prototype member of the family Arteriviridae in the order Nidovirales (12) . The EAV genome is a single-stranded, positive-sense RNA molecule of 12.7 kb that includes 5Ј and 3Ј untranslated regions (UTRs) and nine functional open reading frames (ORFs) (60, 61) . The first two ORFs (1a and 1b) are located in the 5Ј-terminal three-quarters of the genome and encode two replicase polyproteins (pp1a and pp1ab) that are posttranslationally processed by three ORF 1a-encoded proteinases (nsp1, nsp2, and nsp4) into at least 13 nonstructural proteins (nsp1 to nsp12, including nsp7␣ and nsp7␤) required for viral replication and transcription (63, 67, 72) . The other seven ORFs (2a, 2b, and 3 to 7) are located in the 3Ј one-quarter of the genome and encode structural proteins E, GP2, GP3, GP4, GP5, M, and N, respectively (24, 61) .
EAV is the causative agent of equine viral arteritis, a globally distributed infectious disease of equids (65) . Some 10 to 70% of stallions acutely infected with EAV can subsequently become carriers and constantly shed the virus in semen (65) . Persistently infected stallions are the principal reservoir of EAV and are responsible for the perpetuation and dissemination of EAV in equine populations (64) (65) (66) . Carrier stallions are also a significant natural source of genetic and phenotypic diversity of EAV (4, 5, 33) . There is convincing evidence that the establishment and maintenance of the carrier state in the stallion is testosterone dependent, with the underlying mechanism as yet unknown (38, 44, 47) . Other than testosterone, the host and viral factors that contribute to the establishment and maintenance of persistent EAV infection in the reproductive tracts of stallions remain to be determined.
The persistent infection of cell cultures has been documented previously for many viruses, including certain nidoviruses, e.g., human coronaviruses OC43 and 229E (2, 3) , severe acute respiratory syndrome-associated coronavirus (13, 49, 53, 69) , murine hepatitis virus (8, 16, 41, 42, 58) , bovine coronavirus (35) (36) (37) , and lactate dehydrogenase-elevating virus (62) . Persistently infected cell cultures can provide a model system for elucidating mechanisms of viral persistence in vivo. In vitro persistence has also proven to be a useful tool for investigating virus and cell evolution (1, 15, 16, 18, 22, 23, 36, 40) . Genetic and phenotypic characterization of virus and host cell mutants during persistent infection has facilitated the study of virusreceptor interactions (10, 11, 18, 22, 30, 31, (54) (55) (56) (57) . Such studies have also served to define genetic determinants of virulence (19, 20, 26, 27) and to identify viral and host cell determinants involved in the establishment of persistent viral infection (9-11, 14, 25, 29, 30, 52, 57) .
This study was undertaken in an attempt to develop a model system of persistent EAV infection in cell culture. Various cell lines originating from different species and tissues were evaluated; these included equine pulmonary artery endothelial cells (EECs) and equine dermis (ED; NBL-6), baby hamster kidney (BHK-21), rabbit kidney (RK-13), mouse muscle (C2C12), mouse connective tissue (L-M), human cervix (HeLa), and human epidermoid larynx (Hep-2) cells. In the course of this study, HeLa cells were found to become more susceptible to EAV infection after extended serial passage. The respective HeLa cell lines were identified as HeLa-L (passage 95 [P95] to P115) and HeLa-H (P170 to P221). The horse-adapted virulent Bucyrus (VB) strain of EAV successfully established persistent infection in HeLa-H cells but not in any of the other cell lines tested. This is the first report of an in vitro model of EAV persistence. Genetic and phenotypic variations of the virus during the course of persistent infection were investigated.
MATERIALS AND METHODS

Cells and viruses.
The cell lines used in the study included ED cells (NBL-6 [ATCC CCL-57]; P18 to P25), EECs (P9 to P20) (34, 50) -23] ; P451 to P531). Cells were grown at 37°C in Eagle's minimum essential medium with 10% ferritin-supplemented bovine calf serum, penicillin, streptomycin, amphotericin B, and sodium bicarbonate. The horse-adapted highly VB (horse P15) strain of EAV (48) was propagated once in BHK-21 cells to produce the virus stock that was used in this study.
Chromosomal analysis. Karyotypic analysis of HeLa-L (P98) and HeLa-H (P202) cells was performed using the G-banding technique (32, 70) in the Department of Cytogenetics, University of Kentucky. Twenty Giemsa-banded metaphase cells from each of the HeLa-L and HeLa-H cell lines were analyzed.
Indirect immunofluorescence assay (IFA). Mock-or EAV-infected or EAV RNA-transfected cells grown in eight-well chamber slides were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) and washed with PBS containing 10 mM glycine. After permeabilization with 0.2% Trixton X-100 in PBS, slides were incubated with monoclonal antibody (MAb) 3E2 against the EAV nucleocapsid (N) protein (45) or MAb 12A4 against the EAV nsp1 protein (68), followed by fluorescein-conjugated goat anti-mouse immunoglobulin (Pierce). The cells were counterstained with Evans blue. The percentage of EAV fluorescence-positive cells was determined based on counting of 500 cells.
Growth characteristics of EAV in various cell lines. Subconfluent monolayers of each cell line (EECs and ED, BHK-21, RK-13, C2C12, HeLa-L, HeLa-H, Hep-2, and L-M cells) grown in six-well plates were inoculated with the VB strain of EAV at a multiplicity of infection of 3 and held at 37°C for 1 h. The inoculum was aspirated off, and the cell sheets were washed three times with PBS (pH 7.4) to remove unbound virus and then overlaid with 4 ml of Eagle's minimum essential medium. This time point was designated time zero with respect to infection. At 0, 12, 24, 36, 48, 60, and 72 h postinfection, supernatants were harvested and virus titers were determined by plaque assays of RK-13 cells as described previously (46) .
Attempts to establish persistent EAV infection in various cell lines. Subconfluent monolayers of each cell line grown in T-25 flasks were inoculated with EAV at a multiplicity of infection of 3. Following 1 h of adsorption at 37°C, cell monolayers were washed three times with PBS and 10 ml of fresh culture medium was added. Inoculated cultures were incubated at 37°C, microscopically monitored daily for the development of a cytopathic effect (CPE), and subcultured once every 4 days. Tissue culture supernatants were harvested and titrated by plaque assays of RK-13 cells.
Transfection of cells with IVT EAV RNA. Viral RNA transcripts were in vitro transcribed (IVT) from the XhoI-linearized full-length infectious cDNA clones, and cells were transfected with RNA transcripts by means of electroporation according to previously described protocols (7) .
Isolation of viral RNA, RT-PCR amplification, and sequencing. Viral RNAs of the VB virus and the virus recovered from P80 of persistently infected HeLa-H cells (HeLa-H-EAVP80 virus) were extracted using the QIAamp viral RNA mini kit (Qiagen). The full-length genomes of these two viruses were reverse transcription (RT)-PCR amplified using SuperScript III (Invitrogen) and the highfidelity proofreading Pfu Turbo DNA polymerase (Stratagene) according to previously described procedures (71) . Both sense and antisense strands were sequenced using an ABI 377 automatic sequencer (Applied Biosystems). Sequence data were analyzed using Aligner version 1.5.2 (CodonCode) and Vector NTI Advance 10 (Invitrogen).
Reverse genetics. The recombinant chimeric infectious cDNA clone pEAVrVBS/P80S was constructed by replacing the structural-protein genes (ORFs 2a to 7) of the infectious cDNA clone pEAVrVBS, which was derived from the VB strain of EAV (6), with the corresponding structural-protein genes of the HeLa-H-EAVP80 virus. The recombinant infectious cDNA clone pEAVrVBS/P80NS4m was constructed by introducing the following four sitespecific nucleotide changes that were present in HeLa-H-EAVP80 virus into the pEAVrVBS clone: C6583T (nsp1 Ala1453Val), A19543G (nsp2 Asp5773 Gly), A49003G (nsp7 Lys15593Arg), and C60203T (nsp9 Pro19333Ser). 
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P80ORFs234 (9867T3C, 9907A3T, 9914T3C, 10082G3C, 10157G3A, 10189T3C, 10648A3G, 10709T3C, and 11024A3T), and pEAVrVBS/ GP5P983L (11438C3T). BHK-21 cells were transfected with IVT RNAs by following previously described protocols (7) to generate the recombinant viruses rVBS/P80S, rVBS/P80NS4m, rVBS/P80ORFs2ab, rVBS/P80ORFs34, rVBS/ P80ORFs234, and rVBS/GP5P983L. Nucleotide sequence accession numbers. The nucleotide sequences of the VB and HeLa-H-EAVP80 viruses were deposited in GenBank under accession numbers DQ846750 and EU252114, respectively.
RESULTS
Permissiveness of various cell lines to EAV infection.
A variety of cell lines from different species and tissues were evaluated for their permissiveness of infection with the VB strain of EAV. The EECs and the ED, BHK-21, RK-13, and C2C12 cell lines were all highly permissive and produced high titers of infectious virus and fully lytic infections by 48 h postinfection (Fig. 1A) . In contrast, CPE on either the Hep-2 or L-M cell line was not detected even at 72 h postinfection and virus titers did not increase substantially (Fig. 1A) . These findings were confirmed by IFAs using MAbs to the N and nsp1 proteins, as there was no staining of Hep-2 cells after infection and as only approximately 6% of L-M cells were positive at 24 h postinfection and there was little subsequent spread to adjacent uninfected cells even after 72 h (Fig. 2) . The susceptibilities of HeLa cells of different passage levels (P95 to P221) to the VB strain of EAV were compared. Infected HeLa-H cells (P170 to P221) produced significantly higher virus titers than HeLa-L cells (P95 to P115) (Fig. 1A) , and approximately 12% of HeLa-H cells were positive by IFA staining at 24 h, whereas less than 2% of HeLa-L cells were positive (Fig. 2) . Furthermore, in contrast to the pattern among infected HeLa-L cells, there was spreading of IFA positivity in the infected HeLa-H monolayers (ϳ12 and ϳ20% of cells were positive at 24 and 72 h postinfection, respectively) (Fig. 2) . These data indicate that HeLa cells become increasingly susceptible to EAV infection after extended serial passage.
Productive infection of BHK-21, L-M, Hep-2, HeLa-L, and HeLa-H cells occurred following the transfection of these cells with RNA transcripts from the infectious cDNA clone pEAVrVBS, which was derived from the VB strain of EAV (6) . Approximately 20% of the monolayer of each of these cell lines was positive by IFA at 24 h posttransfection (Fig. 3) . Virus yields from these transfected cells were similar (10 4 to 10 5 PFU/ml) at 24 h post transfection (Fig. 1B) . However, virus spread from transfected cells to untransfected cells occurred efficiently only among BHK-21 cells and did not occur among transfected L-M, Hep-2, and HeLa-L cells (Fig. 3) . In the transfected HeLa-H cells, spread of infection occurred but was not substantial (ϳ20 and ϳ24% of cells were infected at 24 and 48 h posttransfection, respectively) (Fig. 3) . (Fig. 4B) , indicating that persistent infection was not established in these cells. In contrast, the HeLa-H cell line maintained EAV infection during serial cell culture passage, indicating the establishment of persistent infection. The persistently infected HeLa-H cell line was subjected to 94 serial passages without the loss of production of infectious progeny virus (Fig. 4A) . In addition, virus was readily recovered from these cells after storage in liquid nitrogen for 5 years, with virus titers similar to those obtained prior to the freezing of the cells.
An attempt to establish persistent infection by serially subculturing L-M, Hep-2, HeLa-L, and HeLa-H cells that were transfected with RNA transcripts derived from the infectious cDNA clone pEAVrVBS was also performed. As shown in Fig.   4C , although all transfected cell lines initially produced substantial titers of virus, persistent EAV infection eventually was established only in the HeLa-H cell line but not in the L-M, Hep-2, and HeLa-L cell lines, implying that the establishment and maintenance of persistent EAV infection may require horizontal virus spread in the cell population.
Ability of HeLa-H-EAVP80 virus to establish persistent infection in both HeLa-L and HeLa-H cell lines.
The tissue culture fluid harvested from the 80th passage of the persistently infected HeLa-H cell line (yielding HeLa-H-EAVP80 virus) was used to evaluate whether virus recovered from persistently infected cells had selectively acquired features that enabled it to establish persistent infection. Five cell lines (BHK-21, HeLa-L, HeLa-H, Hep-2, and L-M) were infected with the HeLa-H-EAVP80 virus. Infection caused 100% CPE in BHK-21 cells at 48 h postinfection without the establishment of persistent infection. The HeLa-H-EAVP80 virus also did not establish persistent infection in the Hep-2 and L-M cell lines, in which virus production ceased after two or three serial passages (Fig. 5) . Remarkably, the HeLa-H-EAVP80 virus did establish persistent infections in both the HeLa-H and HeLa-L cell lines (Fig. 5) .
Genetic basis of persistent EAV infection in HeLa cells.
To investigate the genetic evolution of EAV during persistent infection in HeLa-H cells, the genomes of the VB and HeLa-H-EAVP80 viruses were sequenced. Comparative analyses of the nucleotide and deduced amino acid sequences of these two viruses are summarized in Table 1 . The entire genomes of the VB strain and HeLa-H-EAVP80 virus were each 12,704 nucleotides in length, with a total of 33 nucleotide differences. All of these nucleotide changes occurred in ORFs 1a, 1b, 2a, 2b, and 3 to 5; no nucleotide changes occurred in the 5Ј UTR, ORFs 6 and 7, or the 3Ј UTR. Compared to the VB strain, the HeLa-H-EAVP80 virus had 4 amino acid changes in the replicase and 12 amino acid changes in the structural proteins (Table 1) .
Reverse genetic studies using the infectious cDNA clone pEAVrVBS were carried out to explore the genetic basis of the persistent infection of the HeLa-L cell line with the HeLa-H-EAVP80 virus. The recombinant virus rVBS/P80NS4m, which had a sequence identical to that of the recombinant VB strain (rVBS) virus generated from the clone pEAVrVBS, with the exception of four amino acid substitutions in the replicase polyproteins (nsp1 Ala1453Val, nsp2 Asp5773Gly, nsp7 Lys15593Arg, and nsp9 Pro19333Ser), was unable to establish persistent infection in the HeLa-L cell line (Fig. 6 ). In contrast, the recombinant virus rVBS/P80S, which carried the replicase gene of the parental rVBS and the structural-protein genes of the HeLa-H-EAVP80 virus, did establish persistent infection in the HeLa-L cell line (Fig. 6 ). This finding clearly indicates that it is the changes in the structural proteins (E, GP2, GP3, GP4, and GP5) and not the replicase that were responsible for the establishment of persistent infection in the HeLa-L cell line by the HeLa-H-EAVP80 virus. Additional mutants (rVBS/P80ORFs2ab, rVBS/P80ORFs34, rVBS/P80ORFs234, and rVBS/GP5P983L) were constructed to further identify specific structural-protein genes responsible for the persistent infection of HeLa-L cells with the HeLa-H-EAVP80 virus. The recombinant virus rVBS/P80ORFs2ab, which had a nucleotide sequence identical to that of the rVBS virus with the exception that ORFs 2a and 2b were exchanged to include the corresponding regions of the HeLa-H-EAVP80 virus, was unable to establish persistent infection in the HeLa-L cell line (Fig. 6) .
Similarly, the recombinant virus rVBS/P80ORFs34, which included ORFs 3 and 4 from the HeLa-H-EAVP80 virus, was unable to establish persistent infection in the HeLa-L cell line (Fig. 6 ). In contrast, the recombinant virus rVBS/P80ORFs234, which carried ORFs 2a, 2b, 3, and 4 of the HeLa-H-EAVP80 virus, did establish persistent infection in the HeLa-L cell line, although virus titers were considerably lower than those in cells persistently infected with the rVBS/P80S virus (Fig. 6 ). Interestingly, the recombinant virus rVBS/GP5P983L, which had only a single mutation in GP5 (nucleotide change 11438C3T and GP5 amino acid change Pro983Leu compared to the rVBS virus), was also able to establish persistent infection in the HeLa-L cell line; however, virus titers were also lower than those in cells persistently infected with the rVBS/P80S virus (Fig. 6 ). These data indicate that the establishment and maintenance of persistent infection in HeLa-L cells by the HeLa-H-EAVP80 virus involves complex interactions of several structural proteins (E, GP2, GP3, GP4, and GP5).
DISCUSSION
This study confirms that a wide variety of cell lines from different species and tissues are susceptible to EAV infection. Specifically, we have demonstrated that EECs and ED, BHK-21, RK-13, C2C12, HeLa-H, L-M, HeLa-L, and Hep-2 cells have various degrees of susceptibility to EAV infection. The infection of L-M, Hep-2, HeLa-L, and HeLa-H cells appears to be restricted at the attachment or entry step. To date, neither the viral components nor the cellular receptors involved in the early events (e.g., attachment, penetration, and uncoating) of the EAV replication cycle have been fully characterized. These cell lines with various levels of susceptibility to EAV infection potentially could be utilized to identify the cellular receptor(s) involved in EAV attachment and entry. The VB strain of EAV established persistent infection in HeLa-H but not in HeLa-L cells, indicating that the HeLa cells had evolved during longterm serial passage. Karyotypic analysis revealed that both HeLa-L and HeLa-H cell lines contained typical HeLa marker chromosomes, confirming that the HeLa-H cell line was not contaminated with any other cell type. Changes between the HeLa-L and HeLa-H cell lines at the chromosomal level were observed (data not shown). However, the molecular changes that are responsible for the differences in susceptibility to EAV infection of the HeLa-L and HeLa-H cell lines have not yet been determined. The evolution of cells and the emergence of cell diversity in laboratory cell cultures are not unusual events (39, 59) . The extent of cellular heterogeneity in tumors is greatly increased compared to that in other tissues, and tumor cell heterogeneity appears to result from the enhanced genetic instability of transformed cells (17, 21, 43, 51) . HeLa cells were originally derived from a cervical adenocarcinoma and perhaps retain the potential to evolve if they undergo extended serial passage.
Viral determinants also are critical in mediating the persistent EAV infection of HeLa cells, as the HeLa-H-EAVP80 virus established persistent infection in HeLa-L cells whereas the VB strain of EAV was unable to do so. Comparative analysis of the entire genomes of the VB strain and the HeLa-H-EAVP80 virus identified amino acid residues in the replicase and structural proteins that had mutated during the process of adaptation of the VB virus to persistence in HeLa-H cells. Reverse genetic studies using the infectious cDNA clone pEAVrVBS clearly demonstrated that amino acid substitutions in the structural proteins (E, GP2, GP3, GP4, and GP5) but not the replicase were responsible for the altered tropism and persistence of HeLa-H-EAVP80 virus in HeLa-L cells. Further studies indicated that the recombinant viruses with substitutions in the minor structural proteins E and GP2 or GP3 and GP4 were unable to establish persistent infection in HeLa-L cells and that the recombinant viruses with combined substitutions in the E (Ser533Cys and Val553Ala), GP2 (Leu153Ser, Trp313Arg, Val873Leu, and Ala1123Thr), GP3 (Ser1153Gly and Leu1353Pro), and GP4 (Tyr43His and Ile1093Phe) proteins or with a single point mutation in the GP5 protein (Pro983Leu) were able to establish persistent infection in HeLa-L cells. Cells that were persistently infected with these viruses, however, all produced lower virus titers than similar cells persistently infected with the rVBS/ P80S virus. This finding strongly suggests that complex interactions of several structural proteins (E, GP2, GP3, GP4, and GP5) are required to alter the tropism of the HeLa-H-EAVP80 virus toward HeLa-L cells. It also implicates the structural proteins E, GP2, GP3, GP4, and GP5 of EAV in virus-receptor interactions during the infection of HeLa cells. A previous study showed that the ectodomain (amino acids 1 to 114) of the GP5 protein is not the main determinant of EAV tropism toward BHK-21 or RK-13 cells (28) , whereas the present data suggest that the amino acid residue at position 98 in the EAV GP5 protein is involved in viral tropism toward HeLa cells. However, the replacement of the amino acid residue at this position did not alter tropism toward BHK-21 or RK-13 cells (data not shown). It is likely, therefore, that the receptors and viral proteins involved in attachment to and entry into individual cell lines are different.
Previous studies have shown that genetic variants emerge during the course of long-term persistent infection in the stallion, with significant variation in ORFs 2a to 5, which encode the E, GP2, GP3, GP4, and GP5 proteins, respectively (5, 33). The HeLa-H-EAVP80 virus likely is a variant selected from the quasispecies population during the persistent infection of HeLa-H cells, and it replicates more efficiently than the VB virus in HeLa cells. However, the amino acid substitutions that occurred during the persistent EAV infection of HeLa cells generally were located at different positions than those which accumulate during the persistent EAV infection of stallions. Nevertheless, persistently infected HeLa cells provide a convenient in vitro model system for studying persistent EAV infection.
In summary, we have established an in vitro cell culture system for EAV persistence. The persistently infected HeLa cells provide a convenient model system with which to study viral and host cell factors involved in EAV persistence and could potentially assist in defining the mechanisms of EAV persistence in carrier stallions.
